Introduction 12
The long-lived radionuclide 36 Cl, with a half-life of 301,000 years, has been successfully 13 used as an environmental tracer in groundwater studies (e.g., Phillips and Castro, 2003) . The 14 widespread use of 36 Cl in such studies is largely attributed to the advent of accelerator mass 15 spectrometry (AMS) in the late 1970s (Elmore et al., 1979 Cl have been thoroughly reviewed in previous studies 19 (Bentley et al., 1986a; Fabryka-Martin et al., 1987; Fontes, 1989; Fontes and Andrews, 1994; 20 Phillips, 2000) . Owing to the long half-life of 36 Cl, its most common application is the dating of 21 very old groundwaters in large-scale aquifers such as the Great Artesian Basin of Australia 22 (Bentley et al., 1986b; Torgersen et al., 1991; Love et al., 2000) , the Milk River aquifer in 23 Alberta, Canada (Phillips et al., 1986; Nolte et al., 1990 Nolte et al., , 1991 , and the Aquia aquifer in 24 3 Maryland, USA (Purdy et al., 1987 (Purdy et al., , 1996 . The 36 Cl bomb pulse, which originates from nuclear 1 tests in the 1950s, has also been used to trace young groundwater (Cook and Robinson, 2002; 2 Tosaki et al., 2011b) . Essential parameters for both of these applications include the initial 3 Cl is predominantly produced in the stratosphere (~54%-90%; Huggle et al., 6 1996; Masarik and Beer, 1999) by cosmic-ray-induced spallation of 40 Ar at a global mean rate 7 of approximately 20 atoms m −2 s −1 (Huggle et al., 1996; Masarik and Beer, 1999, 2009 Cl in the stratosphere are transported out of the stratosphere 9 and across the tropopause within ~2 years (Synal et al., 1990) . They are removed quickly from 10 the troposphere by wet or dry deposition, while mixing with stable chlorine in the atmosphere. 11
The mean residence time of 36 Cl in the troposphere is expected to be on the order of weeks, 12 according to estimates of atmospheric aerosol residence times (Turekian et al., 1977; Bleichrodt, 13 1978; Raisbeck et al., 1981) . 14 Atmospheric chlorine is mainly of oceanic origin, and as a result decreases exponentially 15 with increasing distance from the coast (Eriksson, 1960) . Consequently, the 36 Cl/Cl ratios in 16 precipitation and infiltrating water are controlled mainly by the latitudinal pattern of 17 atmospheric 36 Cl deposition (Lal and Peters, 1967; Bentley et al., 1986a) and the delivery of 18 marine-derived Cl. As an example, the distribution of 36 Cl/Cl ratios over the continental United 19 States has been estimated by Bentley et al. (1986a) Cl/Cl ratio similar to that in the United States (Moysey et al., 2003) . Thus, the most direct 3 approach in obtaining the initial value and/or the background flux is to monitor 36 Cl in 4 precipitation (for several years to obtain reasonable estimates) (Davis et al., 1998) . However, 5 only a few studies have continuously measured 36 Cl deposition fluxes for 1-2 years, at a time 6 resolution finer than monthly (Hainsworth et al., 1994; Knies et al., 1994; Santos et al., 2004) . 7
These earlier studies revealed a seasonal trend in the 36 Cl flux, with a peak in spring due to air 8 exchange between the stratosphere and the troposphere. A longer observation period would 9 allow seasonal changes to be distinguished from short-term fluctuations. 10
For evaluating 36 Cl flux, chlorine recycling as CH 3 Cl is another issue that should be 11 mentioned. Ice core data from Greenland (Synal et al., 1990) showed that the bomb-derived 12 enhanced 36 Cl flux returned to pre-bomb level in around 1985. In a global-scale study (Scheffel 13 et al., 1999; Blinov et al., 2000) , however, measured 36 Cl flux around the early 1990s was still 14 up to one order of magnitude higher than model prediction (Lal and Peters, 1967 (36°06′N, 140°06′E) , located on the Tsukuba Upland in central Japan (Fig. 1) . The climate of 6 the area is humid temperate, with an annual precipitation of 1246 ± 178 mm and an annual mean 7 temperature of 13.4 ± 0.6°C (average values for 1951-2000 ; meteorological data at the 8 Aerological Observatory in Tsukuba, which is located 6 km southeast of the sampling site). The 9 precipitation collector consists of a polyethylene (PE) funnel (diameter of 15 or 21 cm), a 10 high-density polyethylene (HDPE) bottle (3 or 5 L), a specially designed piece of glassware 11 with a ping-pong ball inside (to prevent evaporative loss of the sample; e.g., Shimada et al., 12 1994; Yabusaki et al., 2006) , and silicon plugs used to make connections. Two collectors were 13 usually set up to ensure sufficient monthly precipitation sample volumes for the measurement of 14 36 Cl, even in cases where the monthly precipitation amount was significantly smaller than 15 normal. 16
Analytical methods 17
After collection, the sample volumes were measured and aliquots were extracted for the 18 analysis of major dissolved ions. In cases where the sample volume of one bottle was not 19 sufficient for the analysis of Cl analysis, samples were first filtered through glass microfiber filters (GF/B, 6
Whatman, Maidstone, UK) and then through 0.45 μm membrane filters (JHWP04700, Millipore, 7
Billerica, MA, USA). An ion exchange system was developed to concentrate sample chloride. 8
The system includes a solution-sending pump (Masterflex L/S variable speed modular drive, No. To ensure sampling efficiency, the collected amount of monthly precipitation was compared 17 with the observed meteorological data from the Aerological Observatory (Fig. 2) . A portion of 18 the sample with the greatest monthly precipitation (October 2004) was lost because of overflow 19 from the collector during a typhoon event. For the August 2007 sample, the precipitation 20 amount calculated from the collected volume (60.5 mm) was much greater than the observed 21 meteorological data value (21.0 mm). These two values differ because of the spatial 22 heterogeneity of precipitation; the observed data at ~1 km northwest of the study site was also 23 higher than the observed meteorological data value (44.0 mm) from the Terrestrial Environment 24
Research Center (TERC), University of Tsukuba. The majority of the samples plot close to the 1 line of agreement (Fig. 2) , suggesting that the sampling efficiency was ~100%. Small sample 2 losses from the collectors due to evaporation would not influence the 36 Cl and Cl fluxes because 3 these fluxes are calculated from the collected precipitation volume. 4
The source of Cl − in precipitation was evaluated by plotting the concentrations of elements 5 predominately of seawater origin (Na + and Mg
2+
) against Cl − concentrations (Fig. 3 ). Figure 3a  6 shows an overall enrichment in Mg 2+ relative to seawater, which may be attributed to Mg ratios, which are much higher than those of seawater (calculated from Table 1 ). The contribution 9 of soil particles seems to be less dominant in high-precipitation months ( Fig. 3 ; see the next 10 paragraph for P/P avg ), probably because higher rainfall leads to less incorporation of dust. In 11 contrast, the Na + /Cl − ratios of the precipitation are similar to that of seawater (Fig. 3b) , which 12 suggests that the vast majority of the Cl in the precipitation originates from seawater (sea spray). 13 (Fig. 4) , the data were divided into two groups based on P/P avg , the deviation of the 20 monthly precipitation amount (P) from the average observed monthly precipitation value (P avg ) 21 at the nearest weather station (i.e., the Aerological Observatory). The data were divided at P/P avg 22 = 1.5, which corresponds to a 50% increase of monthly precipitation. The samples with P > 23 1.5P avg plot below the trend formed by the samples with P < 1.5P avg , which suggests a 24 9 precipitation dilution effect on Cl − concentration (Fig. 4) . 1
To exemplify the temporal variability of 36 Cl and Cl in precipitation, the measured data and 2 calculated flux values for the entire sampling period are presented in Fig. 5 . The 36 Cl/Cl ratio 3 exhibits an annual peak, which occurs around June (Fig. 5d) . On the other hand, the 36 Cl flux 4 exhibits a peak in April-May (Fig. 5f ). This difference is attributed to the significant decrease of 5 Cl flux in June (Fig. 5c) , which leads to an increase in the 36 Cl/Cl ratio. The most probable 6 cause of this phenomenon is the washout effect by the persistent rain during the East Asian rainy 7 season, which generally occurs from June to mid-July in central Japan. The Cl and 36 Cl 8 concentrations were not characterized by obvious seasonal trends ( Fig. 5b and e, respectively) 9 because the precipitation dilution effect (discussed above) directly affects both concentrations 10 (Fig. 4) . 11
Similar spring maxima in the 36 Cl flux have been observed at other locations (Hainsworth et 12 al., 1994; Knies et al., 1994) and for other cosmogenic radionuclides; e.g., Be (e.g., Viezee and 13 Singh, 1980) and 10 Be (e.g., Raisbeck et al., 1979) . As discussed in these previous studies, the 14 seasonal pattern is attributed to annual variation in the tropopause height (Staley, 1962) . Fig. 5f ), are attributed to precipitation amounts (Fig. 5a ). This 21 interpretation is supported by the empirical dependence of atmospheric fallout of cosmogenic 22 nuclides on precipitation amount (Knies et al., 1994; Phillips, 2000) . However, the correlation 23 between precipitation amount and 36 Cl flux is weak, as it is masked by seasonal variation. (Fig. 7) . This increase may be related to variation in solar activity, as 6 observed for (Fig. 7) , which leads to an increase in the production 8 of nuclides due to increased galactic cosmic ray fluxes, while 36 Cl production by solar proton is 9 negligible (Huggle et al., 1996) . As this period may be regarded as an extreme event, the mean . This value is comparable to that of pre-bomb groundwater 17 sampled from an observation well on the premises of the Geological Survey of Japan (sampling 18 depth ~50 m) at the Tsukuba Upland, (31 ± 3) × 10 −15
. However, Table 2 shows that an even 19 longer period, covering an 11-year solar cycle, is required to obtain a well-constrained initial 20 value. For further consideration of the relationship between the decreased solar activity during that time. We will further investigate this relationship by 10 continuing the precipitation monitoring for several more years. 11
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